The Moon is thought to be depleted relative to the Earth in volatile elements such as H, Cl and the alkalis [1] [2] [3] . Nevertheless, evidence for lunar explosive volcanism 4, 5 has been used to infer that some lunar magmas exsolved a CO-rich and CO 2 -rich vapour phase before or during eruption [6] [7] [8] . Although there is also evidence for other volatile species on glass spherules 9 , until recently 10 there had been no unambiguous reports of indigenous H in lunar rocks. Here we report quantitative ion microprobe measurements of late-stage apatite from lunar basalt 14053 that document concentrations of H, Cl and S that are indistinguishable from apatites in common terrestrial igneous rocks. These volatile contents could reflect post-magmatic metamorphic volatile addition or growth from a late-stage, interstitial, sulphide-saturated melt that contained 1,600 parts per million H 2 O and 3,500 parts per million Cl. Both metamorphic and igneous models of apatite formation suggest a volatile inventory for at least some lunar materials that is similar to comparable terrestrial materials. One possible implication is that portions of the lunar mantle or crust are more volatilerich than previously thought.
The recent report of low but non-zero H, F, Cl and S contents of lunar glass spherules 10 has been interpreted as evidence of pre-eruptive H 2 O contents as high as ,750 p.p.m., ,98% of which was lost by degassing during eruption. Estimates of the pre-eruptive Cl contents of these spherules are low (0.4 p.p.m.), implying that H 2 O/Cl (by weight) < 1,900-much higher than measured terrestrial melt inclusions, 95% of which have H 2 O/Cl , 85 (ref. 11). These results are so important for understanding lunar origin and evolution that confirmation using an independent approach is essential. Here we provide an independent constraint on the volatile contents of lunar igneous rocks by measuring H, Cl and S contents of apatites in lunar basalt 14053 using secondary ion mass spectrometry (SIMS).
The mineral apatite-Ca 5 (PO 4 ) 3 (F,Cl,OH)-is widely distributed in planetary materials. Terrestrial igneous apatite incorporates S as sulphate and C as carbonate, both substituting for phosphate 12 . Terrestrial apatite is more retentive of these elements than are silicate melts or glasses 13, 14 , and it is therefore able to preserve magmatic volatile contents in volcanic rocks in which glasses are largely degassed 15, 16 . Indirect evidence for H in lunar apatites was first observed about 40 years ago 17 , and recent reports of H in lunar apatite support this hypothesis [18] [19] [20] . The Apollo 14 lunar sample 14053 is a high-Al basalt rich in K, rare-earth elements and P (KREEP), consisting dominantly of augite and plagioclase with lesser ilmenite, chromite-ulvöspinel, tridymite, Fe-Ni metal, and mesostasis containing fayalitic olivine, troilite, K-Ba-rich glass, K-feldspar, F-Cl-bearing apatite, merrillite and baddeleyite 21 . Fayalite in 14053 was partially reduced to SiO 2 1 Fe metal by a subsolidus metamorphic reaction under highly reducing conditions 21 ; this reaction is more pronounced near the exterior of the rock. The reductant that facilitated this reaction is inferred to have been H implanted by the solar wind, which had higher concentrations near the exterior of the rock. This metamorphic event has been interpreted as due to a post-magmatic impact and subsequent burial by hot ejecta 21 . The subsolidus reduction of fayalite is texturally associated with anhedral apatite having variable Cl and rare-earth-element contents, and it is sometimes associated with merrillite. The sample used in this study (14053,241) was from the interior of the rock where the amount of reduction is lowest, and ,1 vol.% fayalite was reduced (preferentially along cracks) in the section we investigated (Fig. 1) . Apatite analysed here is not visibly associated with merrillite.
Measurements of H, C, S and Cl were made using Caltech's Cameca ims 7f-GEO secondary ion mass spectrometer (see Supplementary Information). Seven analyses were made on a single, subhedral apatite crystal (Fig. 1) Fig. 2b ), and their variations exceed analytical uncertainty (,4% for S and ,3% for Cl; values are 2s). This could represent variations during magmatic growth or a post-crystallization exchange of both elements. The Cl concentrations observed in this apatite are within the much larger range of previous measurements of Cl in 14053 apatites made by electron microprobe from ,0.03 to 1.57 wt% Cl (ref. 21) .
Volatile abundances in apatite from lunar basalt 14053 are within the ranges of S, Cl and H abundances of apatites from terrestrial volcanic rocks 11, 15, [22] [23] [24] . The H in apatite from 14053 is comparable to the H content at the peak of the distribution of terrestrial apatites from mafic extrusive rocks (,1,500 p.p.m.; Fig. 3a) , while the Cl content of this lunar apatite ranges from 20% to 50% of the mode of the distribution for mafic terrestrial igneous rocks (,6,500 p.p.m. Cl; Fig. 3b ). S concentrations in 14053 are near the peak of the distribution of S contents measured for terrestrial mafic igneous apatites (,300-400 p.p.m. S; Fig. 3c ). This comparison represents the key result of this report: apatites from lunar basalt 14053 are very similar to apatites from comparable terrestrial igneous rocks in their abundances of the volatile elements H, Cl and S. The subsolidus reduction observed in lunar basalt 14053 has been interpreted as being due to reaction between minerals and implanted solar wind hydrogen 21 . One possibility then is that some or all of the H in the apatite we analysed was derived from 24 , much lower than that of other lunar apatites ($3 3 10 24 ) 19 . It is thus plausible that some of the H in the apatite we analysed was incorporated from solar-wind H mobilized during the metamorphic event that reduced fayalite. Assuming a lower limit of 3 3 10 24 for the D/H of indigenous lunar hydrogen, this would imply that at least half of the H in the apatites from other sections of 14053 is derived from the solar wind 19 . The hypothesis that the H 2 O in the apatite in this section of 14053 is at least partly, and perhaps largely, a subsolidus, metasomatic feature cannot be proved or disproved at this point. The apparent decoupling of the H 2 O content of the apatite from the co-varying S and Cl contents is consistent with this hypothesis.
An alternative hypothesis is that the volatile contents of apatite in 14053 were set by crystallization from late-stage interstitial liquid and were largely resistant to overprinting by the later, reducing subsolidus metamorphic event. If so, then the apatite analyses reported here can be used to infer the volatile contents of the late-stage melts in 14053. This possibility is consistent with the evidence for limited subsolidus reduction in the particular section we examined. In addition, a solar-wind component is unlikely to account for the Cl or S contents of apatites in this section because Cl and S are more than three orders of magnitude less abundant in the solar wind than is H (ref. 26) .
A rigorous interpretation of our data as constraints on the volatile contents of the interstitial liquid from which apatite in sample 14053 crystallized (assuming they record equilibrium between such a liquid and the apatite) would require thermodynamic models for the apatite and coexisting silicate liquid found in 14053. Unfortunately, available experimental constraints on apatite saturation in silicate melts are inadequate for such a rigorous treatment. In the absence of rigorous models of apatite thermochemistry, we have estimated the volatile content of silicate melt that could coexist with 14053 apatite using available partition coefficients between apatite and basaltic melt. (Partition coefficient D X is defined as the mass concentration 21 . For S, we lack partitioning data at appropriately reduced conditions, but given the low sulphate content in silicate liquids at the reducing conditions relevant to crystallization of lunar basalts 3 , the non-zero S content of these apatites is difficult to reconcile with the incorporation of S into apatite only as sulphate. One possibility is that a sulphide substitution into the F-Cl-OH site in apatite may occur under these conditions 28 . Evidence for a coexisting sulphide liquid in 14053 indicates that the melt was sulphide-saturated 21 and suggests S concentrations in the coexisting late-stage silicate melt from which the apatite crystallized of 1,500-3,400 p.p.m. S provided this liquid was basaltic 3 . We note that we have only estimated the volatile contents of the late-stage melt in 14053, which was residual to nearly complete crystallization of the rock and thus would have significantly concentrated incompatible elements such as H, Cl and S: of greater importance is the implied composition of the parental liquid to 14053. If we assume the relatively simple case of differentiation through fractional crystallization alone, a melt with a composition similar to the one we estimate to have been in equilibrium with 14053 apatite could be produced by 95% crystallization of anhydrous minerals from an original, primitive melt with 100-200 p.p.m. H 2 O, 100-170 p.p.m. Cl, and 75-170 p.p.m. S. Although these values are strongly dependent on the assumed amount of crystallization (which is poorly constrained), these estimated H and S concentrations are of a similar order of magnitude to previous estimates for primitive lunar melts based on analyses of volcanic glass spherules 10 . However, our calculated Cl value for the primitive melt is two to three orders of magnitude higher than that estimated for the undegassed parent melt of lunar volcanic glass spherules 10 . The estimates based on apatite or spherule composition are all lower limits because these magmas may have degassed before or during apatite crystallization or spherule formation.
The observation that the H, Cl and S contents of apatite from a lunar basalt are essentially indistinguishable from apatites grown from terrestrial magmas (Fig. 3) is the key result of this study. This resemblance could be a coincidence, given the clear evidence for a metamorphic overprint in 14053. However, if the volatile contents of 14053 apatite preserve magmatic values, then our results are consistent with recent evidence that some lunar magmas contain hundreds of p.p.m. or more H 2 O (ref. 10), similar to some terrestrial magmas derived by partial melting of the Earth's upper mantle 29 . One difference between estimated volatile contents of lunar magmas based on our apatite results and those based on the study of lunar glass spherules is that our results would suggest Cl contents over 200 times higher than those based on glass spherules 10 and H/Cl ratios comparable to terrestrial values. Given the KREEP-rich nature of 14053, enrichment in H, Cl and S in its source might-in hindsight-not be unexpected. Measurements of apatites from a range lunar rock types have the potential to clarify the generality and significance of the terrestrial-like H, Cl and S contents of apatite from this KREEP-rich sample.
METHODS SUMMARY
Lunar rock samples were mounted in indium with two synthetic apatites (F-and Cl-apatites with near end-member compositions) and natural apatites from the Cerro de Mercado mine in Durango, Mexico, and from Mud Tank in the Northwest Territory, Australia. The samples were given a ,90-nm-thick gold coating (three times normal), to improve electrical conductivity. Spot analyses of C, H, F, S and Cl were made using the Cameca ims 7f-GEO at Caltech over the course of two days, and a 5-nA, 10-keV Cs 1 primary beam with normal-incidence electron gun charge compensation and 20-keV impact energy. Samples were pre-sputtered for a minimum of ,5 min before analyses. The ,20-mm beam was rastered over a 20 mm 3 20 mm area. To eliminate contamination from the crater edges, a field aperture limiting the analyses to ions from the central ,10 mm of the beam and an electronic gate of 40% were used during measurements.
The following ions were measured: 12 . All measurements were made on a single subhedral, polycrystalline apatite grain in the larger of the two pieces of sample 14053. The grain was visible in reflected light in the SIMS, and was imaged using 31 P. Maps of 12 C were also used to place spots in judicious locations to minimize contamination, which was observed as linear streaks of high 12 C counts within the crystal.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
METHODS
A chip of 14053,241 was polished directly on diamond-embedded polishing laps. The polished section was carbon-coated and examined in scanning electron mode using a Cameca SX-100 electron microprobe at the University of Tennessee. Scanning electron images of areas with large apatite were obtained at beam conditions of 15 keV and 20 nA. The rock chip was then polished further to remove the layer affected by the electron beams.
Lunar rock samples were mounted in indium with two synthetic apatites (Fapatite and Cl-apatite with near-endmember compositions) and natural apatites from the Cerro de Mercado mine in Durango, Mexico, and from Mud Tank in the Northwest Territory, Australia. The samples were given a ,90-nm-thick gold coating (three times normal), to improve electrical conductivity in this fractured and friable sample. Spot analyses of C, H, F, S and Cl were made using the Cameca ims 7f-GEO at Caltech over the course of two days, and a 5-nA, 10-keV Cs 1 primary beam with normal-incidence electron gun charge compensation and 20-keV impact energy. Samples were pre-sputtered for a minimum of ,5 min before analyses. The ,20-mm beam was rastered over a 20 mm 3 20 mm area. To eliminate contamination from the crater edges, a field aperture limiting the analyses to ions from the central ,10 mm of the beam and an electronic gate of 40% were used during measurements.
The following ions were measured: 12 O 5 0.30 ) is within error of the two measurements with the lowest C and H. Because of the potential for contamination in the most H-rich analyses, we will limit further discussion in this document to the zero-hydrocarbon intercept.
The most robust calibration we have for H in apatite is pinned on the manometric measurements by Nadeau et al. 30 Fig. 2 ). The ClAp measurements from the first day of the session (analyses A to D) are consistently higher than from the second day (when the bulk of the analyses were performed), because of a dramatic decrease in the H backgrounds. All lunar apatite analyses were performed on the second day, and only data from that same day are used for the calibration. Fig. 3 ). This curve is defined by two natural apatite crystals, the first (Durango, Mexico) with an independent measurement of S (1,480 p.p.m. S; ref. 31), and the other a secondary standard with a concentration of 34.6 6 2.6 p.p.m. S (2s, N 5 21), as defined by previous SIMS analyses, relative to the Durango standard. The addition of this secondary standard does not significantly change the calibration slope (because it is defined by the value of the Durango), but is an excellent check of our ability to accurately measure small concentrations of S.
Chlorine measurements are also apparently not affected by contamination. Measured 35 Cl/ 18 O values vary from 1.3 to 3.6, with average analytical uncertainties of about 3%. These ratios correspond to concentrations ranging from 1,290-3,370 p.p.m. Cl when calibrated against synthetic chlorapatite and fluorapatite crystals ( Supplementary Fig. 4 ). The fluorapatite is a low-Cl secondary standard (42 6 1 p.p.m., n 5 21 in previous SIMS sessions), the omission of which does not significantly change the calibration curve, but serves to demonstrate our ability to measure small values of Cl during this session.
Fluorine was also measured during this session, as both ions, the latter chosen to mitigate problems encountered with large count rates of 19 F 2 , which exceed the preferred range of the electron multiplier. However, as previously documented 15 , F measurements made by SIMS in apatite typically display poor reproducibility, much worse than any other element measured, despite the large abundances in natural and synthetic apatites. This may be caused by the ease with which F is ionized, making it more susceptible than other elements to variations in both primary and secondary electron ionization. F measurements made at mass/charge 5 19 often exceed the useful range of the electron multiplier under the analytical conditions useful for measuring low H contents. Measurements of fluorine using 19 F 16 O 2 ions are not reproducible (48% scatter for synthetic fluorapatite, 2s, n 5 5). The most robust estimate of fluorine is often obtained by assuming that F 1 Cl 1 OH 5 100% (complete occupancy of that site in the crystal). It should be noted that such a calculation is inherently different than the common-yet inadvisable-practice of calculating OH in apatite by subtracting measured F and Cl. Such an estimate of a small number by subtraction of large numbers is subject to propagation of the error in the fluorine measurement which-even if small in terms of relative percentageis often larger than the amount of OH being estimated, resulting in errors that can exceed 100%. 
